There are many literature references comparing the use of aqueous polymer quenching solutions with petroleum oil quenchants for a wide range of steels of varying hardenability and the relating parameters of describing properties of the quenching mediums. There are relatively little similar relating correlations between parameters of describing properties of the different quenching mediums. The quenchants used included: conventional quenching oil, martempering oil, and 5% and 25% aqueous polymer quenchant solutions (APQSs) of a polymer quenchant. These quenching media were selected to represent a broad range of quench severities as quantified by cooling curve analysis (ASTM D 6482) using a standard Inconel 600 probe and the Tensi Agitation Device. The test of correlation conducted between the Hardening Power parameters according to examples of oils and polymers. The enable work results in applying the Hardening Power independently from equation calculated for different quenching mediums and their work parameters.
Introduction
Optimal quenchant selection is dependent on cooling intensity which is dependent on many factors including steel mass and hardenability, quenchant selection, bath temperature, agitation and in case of aqueous polymer solutions, polymer concentration [1, 2] . Typically, increasing quench bath agitation increases cooling rates and increasing quench bath temperature decreases cooling rates. For polymer quenchants, increasing polymer concentration decreases cooling rates. Currently, the most common method of assessing the cooling properties of a quenching medium is to use cooling (time-temperature) curves [2, 3] . Grum and coworkers have also correlated ultrasound phenomena [Grum, Ravnik 2006] and cooling curve (time-temperature) behavior obtained by different quenching media [4] and quenching conditions with steel transformation and residual stress for throughhardened steel alloys such as AISI 4140 [5] , [Grum, et al. 2002] . However, in Segeberga works [7] [8] [9] 11] we can find the method of calculating Hardening Power parameter, the parameter describes cooling as centres abilities taking into account their conditions of work.
In this paper, the effect quenching medium selection and quench severity for different quenching mediums and alternative used the equation of Segeberg for oil and water polymer solution.
In work it was showed, that it is the possibility of delimitation between examples the correlation the describing the equation HP for oils and the water polymer solutions.
Odwołać siȩ w wstȩpie do literatury Segeberga.
Experimental
The chemical compositions of steels used for this work are shown in Table 1 . Test specimens were machined from each steel material and these included ∅12 × 6. After machining, the test specimens were polished and then normalized at 890
• C for 0.5 hour. The normalization process was conducted using protective atmosphere, with a dissociated ammonia. After cooling and drying, the protection atmosphere with a dissociated ammonia of type H 2 -N 2 had the temperature of dew point about −60
• C. In this atmosphere the quantity of no dissociated ammonia does not cross 0.005%. The 2 Advances in Materials Science and Engineering grain size after normalization was ASTM 7 and was determined according to ASTM E112 "Standard Test Methods for Determining Average Grain Size." The test specimens were austenitized at 860
• C for 0.5 hour in a dissociated ammonia protective atmosphere and quenched in one of the quenchants shown in Table 2 . The quenchants used for this study included: OH 70 which is a conventional petroleum oil-based quenchant manufactured by Petrol Oil in Płock, Poland; Mar-Temp −340 (v.890) which is an accelerated hot-oil manufactured by Houghton-Poland Sp. z o.o.; Breox Quenchant A which is an aqueous polymer quenchant concentrate manufactured by Cognis Corporation and was diluted to the desired concentration using distilled water prior to use.
To assess quench severity, cooling curve analysis were performed using an Inconel 600 cylindrical probe (∅12.5 mm dia × 60 mm long) and a Tensi agitation device which is according to described ASTM D6482-06 Standard Test Method for Determination of Cooling Characteristics of Aqueous Polymer Quenchants by Cooling Curve Analysis with Agitation (Tensi Method) is shown in Figures 1 and  2 , respectively. The experimental time-temperature data was smoothed using Fourier computational methodology reported earlier by [6] .
The different quenchants and agitation rates used for this work are summarized in Table 2 
Experimental Resualts and Analysis

The Cooling Curve of Quenching
Mediums. The first step in the assessment is to determine the cooling curve for used quenching mediums.
The cooling curves for the different quenching media and conditions are shown in Figure 3 . The curves are shown separately to facilitate their visual comparison although it is difficult to obtain useful comparative data by visual inspection. Therefore, a numerical analysis of the cooling time-temperature and cooling rate curves is performed and the data obtained is summarized in Table 3 . These data show that the cooling rates at both 550 • C and 330
• C were the greatest for the 5% aqueous polymer quenchant solution (APQS). At 550
• C the cooling rate was essentially independent of agitation rate for the 5% APQS but at 330
• C the cooling rate was slightly greater for the higher agitation rate (0.24 versus 0.53 m/s). When the polymer quenchant concentration was increased from 5% to 25%, the cooling rates for the 25% APQS at both 550
• C and 330
• C were, as expected, less than those exhibited by the 5% APQS at either agitation rate. Also, as expected, the cooling rates of the 25% APQS increased with agitation rate. The conventional OH70 petroleum oil and the Mar-Temp 340 (v.890) oil both exhibited cooling rates similar to each other at both 550
• C and 300
• C, which were intermediate between the cooling rates exhibited by the 25% APQS at 0.24 and 0.53 m/s agitation rates.
Further analysis of the quantitative cooling data in Table 3 involves the T VP or Leidenfrost temperature where film-boiling to nucleate boiling transition occurs and T CP is the temperature where the transition from nucleate boiling to convective cooling occurs. In addition, the time for nucleate boiling to begin was also determined. Interestingly, although distilled water at 30
• C exhibited the fastest cooling rates, it also exhibited the lowest T VP and T CP temperatures of any of the quenchants evaluated. Additionally, all of the other quenchants exhibited T VP and T CP temperatures approximately equivalent to each other and all were greater than the values shown for water. These data illustrate the difficulty in trying to obtain a relatively simple analysis of the quench severity exhibited by different quenching media.
Development of the Segerberg Hardening Power (HP)
Equations. Segerberg has developed a test using the 12.5 mm dia × 60 mm INCONEL 600 cylindrical probe (so-called Wolfson probe) to quantify the quench severity of an unagitated oil quenchant as described in ASTM D6200 [7] [8] [9] 11] .
This was done by determining the hardening power (HP) of 23 conventional and accelerated hot and cold quench oils, whose cooling properties varied from the fastest to the slowest that were commercially available [7] . Hardening power refers to the cooling capacity or ability of a quenchant to harden steel, not the relative cooling rate. Also, it was reported that there is no correlation between the Segerberg hardening power (HP-value) and the classic Grossman quench severity (H-value).
Segerberg used the quenching data obtained from the analysis of the quenchants develops a quantitative description of hardening power which was based on three transition temperatures obtained from the cooling rate curve shown in Figure 4 for each quenchant where [7] (i) T VP is the transition temperature in (
• C) between the film-boiling (vapor-cooling) stage and the nucleate boiling stage of the cooling process;
(ii) CR is the cooling rate (
• C/s) over the temperature range of 500-600
• C;
(iii) T CP is the transition temperature ( • C) between the nucleate boiling stage and the convective cooling stage of the cooling process. The T VP , CR, and T CP shown in Figure 4 represent three critical regions of cooling [7] . The length of the film-boiling phase is reflected in the value of T VP . The length of this phase must be sufficiently short so that the steel can be hardened and not so long so that the cooling process would extend into the ferrite-pearlite transformation region of the steel. The CR value must be sufficiently fast through the nose of the ferrite-pearlite transformation region, which is typically approximately 500-600
• C for many steels, to minimize the potential formation of these transformation products. The value of T CP , the nucleate boiling to convective cooling transformation temperature, should be as low as possible to achieve maximum hardening potential. These cooling curve parameters were obtained for the quenchants shown in Figure 4 . Least squares analyses was performed on the series of data for the different quenching oils and hardness data obtained using AISI 1045 steel test bars and a regression equation was developed [7] [8] [9] : HP = 91.5 + 1.34 T VP + 10.88 CR − 3.85 T CP .
(
Advances in Materials Science and Engineering 5 Observe that the relative HP scale shown on the x-axis in figure with work [2] varies from approximately 10-1000 [7] . However, there are no actual hardness units on the y-axis because hardnesses were determined on different diameter bars and same locations, depending on the quench oil. Experimentally, the range of quench severity exhibited by these oils was sufficiently great that two different bar sizes, 10 and 16 mm, for hardness determination were required [7] . For the fastest quenching oils, surface hardnesses were the same and core hardness varied which required the use of larger diameter test bars and for slower quench oils, core hardnesses were nearly equivalent and the surface hardness varied requiring the use of the smaller diameter test bars. Therefore, to include a single hardening power scale based on hardness measurements for AISI 1045 carbon steel is a relative ranking based on cooling curve parameters obtained for a wide range of quench oils-not a real correlation between hardness and HP obtained under a single set of quenching conditions. It is also important to realize that different steels possess different cooling requirements with respect to T VP , CR, and T CP which is dependent on the location of their CCT (continuous cooling transformation) curve with respect to time and temperature and the cooling profile of the quenchant. Therefore, while AISI 1045 will require the regression constants of 91.5, 1.34, 10.88, and −3.85 shown for the previous HP equation, optimal prediction of hardness for other alloys will often require different regression constants and the relative ranking of the quench oils may be different as well [10] . Aqueous polymer quenchants are typically evaluated under agitation conditions as described in ASTM D6482 and D6549 and their cooling curves may exhibit either a suppressed or nonexistent film-boiling phase. In addition, the transition between nucleate boiling and convective cooling may not be clearly delineated in the cooling curve [11] . For cooling curves that exhibit this behavior, Segerberg proposed an alternative equation [8, 9] 
where CR F -cooling rate at the ferrite-pearlite nose of the CCT curve for the steel ( • C/s);
The values of 3.54, 12.30, and −168 are regression constants.
It is important to note that the first HP equation shown above was developed for unagitated quench oils only. Agitated quench oils were never included in the first study. The second HP equation shown above was developed for agitation APQS and agitated quench oils were never included in this study. Therefore, a comparison of different quenchants including petroleum oils and APQS in the same study has never been reported. Furthermore no correlations between the HP data obtained by either equation for the same quenchants, irregardless of the as-quenched hardness, have also never been demonstrated. However, there remains the need to compare the relative quench severity of any quenchant on one scale based on cooling curve data obtained by a standardized quenching probe. This is one of the objectives of the work reported here. In addition, neither HP equation has been reportedly used for analysis of hardness of quenched carburized steels. Figure 5 shows that a good correlation between HP1 and HP2 was obtained between for the data shown in Table 3 . The linear regression equation obtained exhibited a correlation coefficient of R2 = 0.965 for the correlation equation
Because of the figure in work [2] there is the perception that the equation HP1 can be used to predict hardness for any through-hardened steel alloy. However, it has been shown that the reliability of this equation was dependent on the hardenability of the steel alloy [10] . Neither equation HP1 or equation HP2 has been applied to the prediction of core hardness of steel. Another objective of this work was to examine the potential applicability of HP1 and HP2 to predict core hardness of steel. Figure 6 shows the linear correlation results for superficial hardnesses obtained on quenched 1045 steel test specimens. The upper line was obtained for the HP1 versus HV0.1 core hardness correlation and the lower line was obtained for the HP2 versus HV0.1 core hardness correlation. Correlation coefficients, R 2 of 0.57 and 0.621, respectively, were obtained which is rather poor. Somewhat better correlation coefficients R 2 of 0.82 and 0.901 were obtained for the HP1 and HP2 correlations with core hardness, respectively, as shown in Figure 7 , which although somewhat better than the superficial hardness correlations, both are still rather poor. The correlations for HP2 are marginally better than HP1 although when the overall correlation of the data is not good, the observed differences are probably not significant. Based on these data, the published equations for HP1 and HP2 are inadequate for quenched hardness predictions for 1045 steel.
If an equation for such a correlation is desired, then it must be derived independently. examples 1 and 2, both for oils without circulation, as for polymers in agitation. Therefore it was allowed to present how the most this character figure. Obviously these equations were appointed for definite conditions, but how the own investigation showed these equations, we can use independently the quenching mediums kind being in agitation (oil or polymer water solutions). These figures show the correlations of HP1 and HP2 parameters with hardness of samples measured the method Rockwell and the Vickers on the same surfaces. The correlation showed that report between values HP1 and HP2 and similar course has with hardness formed way of measurement independently. This testifies about the possibility of exchangeable applying of equations to marke the value of parameter of the HP, and the same applying (1) both to oils and the polymer quenching mediums.
Conclusions
The quench severity of different quenchants was quantified using the Segerberg hardening power equations for unagitated quenchants (HP1) and agitated quenchants (HP2). Although a reasonably good correlation between HP1 and HP2 was shown, it was also shown that neither HP1 nor HP2 could successfully used in their published form to predict either core hardnesses of quenched 1045 steels. However, it is proposed that the HP values obtained by either HP1 or HP2 could be used to characterize the relative ability for a series of quenchants to harden steel.
